The nutritive value of a dietary protein depends on its amino acid content and on the extent of absorption of the amino acids into the blood stream. The criteria which have generally been used for the biological evaluation of ingested proteins are the effect on body weight or nitrogen balance. By the use of such methods it has been demonstrated that utilization does not occur unless the correct assortment of amino acids is presented to the tissues at the same time. The conclusion has followed that the amino acids are not stored as such in the tissues for any length of time. Little is known about the fate in the body of the individual amino acids after protein ingestion, and it was to gain information on this broad subject that the present study was undertaken.
It was shown by Van Slyke and Meyer (1) in 1912 that a high protein meal is followed by an increase in the concentration of total free amino acids in the circulation. They fed beef to fasting dogs, and observed marked increases in the free amino acid nitrogen of the blood five hours later. Similar observations on total free plasma amino acids have been made again in the dog (2) , and in man (3) (4) (5) .
With the introduction of microbiological and chromatographic methods, it has become feasible to follow the individual amino acids. Dent and Schilling (6) determined the levels of free plasma amino acids in the portal and jugular veins of dogs one, two and one-half and five hours after very large protein meals, using a semi-quantitative paper chromatographic technique. The authors have concluded from their results of feeding casein that the rise in concentration of each of the amino acids in the portal blood, with the exception of glutamic acid, corresponded roughly to the amino acid composition of the protein fed. The concentrations in systemic blood were lower than in portal blood. Similarly, Denton and Elvehjem (7), using microbiological assay for 10 amino acids, observed over periods of five or six hours greatly increased levels of amino acids in portal plasma after feeding meals containing casein or beef, while the increases in the radial vein were of smaller magnitude. In almost all cases the peak value was reached earlier in the portal than in the radial vein. The authors commented that the increases in the portal vein appeared to be proportional to the amounts of amino acids supplied by the protein. Wheeler and Morgan (8) followed the effect of feeding meat to rats. The levels of 15 amino acids in portal plasma were determined at intervals up to five hours after the meal, using the method of paper chromatography of the dinitrophenyl derivatives. Marked increases, reaching a peak in 30 or 45 minutes, were observed in all the amino acids; and values at five hours were still well above the fasting levels for at least some of the amino acids. The authors did not relate the increases to the amino acid composition of the ingested protein.
Little information is available on the effect of food intake on the level of the individual plasma free amino acids in man. Wynne and Cott (9) , using microbiological assay, studied the levels of six amino acids in nine normal subjects one and three hours after eating a breakfast relatively high in protein; the protein content was not stated. They did not observe a consistent effect on the levels of any of the amino acids measured.
Charkey, Kano and Hougham (10) followed the effect of a 48 hour fast on the levels of seven blood amino acids in six normal subjects, using microbiological assay. Their results did not show consistent changes. Six hours after termination of the fast by a meal, the content of which was not specified, the changes again were irregular. Using the technique of chromatography on columns of ion exchange resins, Stein, Bearn and Moore (11) measured the free systemic plasma amino acids before and two hours after feeding 50 Gm. of casein to a normal subject. They found increases in the levels of most of the amino acids after feeding, and state that "the increase . . . reflects to some degree, but not in detail, the amino acid composition of the casein fed."
The present work appears to be the first detailed study in any species relating the amino acid composition of the dietary protein to the plasma amino acid levels. In much of the work mentioned above only the essential amino acids have been measured, whereas with the chromatographic technique used here, all of the biologically-important amino acids except glutamine, asparagine and tryptophan are quantitatively determined. In addition, the effects of protein ingestion have not previously been followed for as long a period (eight hours) following the meal as is done in the present study.
METHODS
Subjects. These were six normal persons between the ages of 24 and 47 years, all from our laboratory staff, Subj ects 1, 4 and 6 being females, the others males.
After an overnight fast, a sample of blood was drawn from the antecubital vein. The subject then drank the greater part of a mixture of eight raw eggs beaten with one-half pint of milk and a few drops of vanilla. This mixture, whtich will be referred to as "eggnog," amounted to somewhat more than 600 ml., and each subject consumed exactly 600 ml., usually in two to three minutes.
An aliquot of each eggnog was frozen for later total nitrogen and amino acid analyses, so that the exact intake of each amino acid could be determined. No food was eaten during the rest of the experimental period, but water was taken ad lib. Blood samples were drawn from the antecubital vein at various intervals after the meal, and each subject carried on his usual laboratory activities throughout the period. Subject 6, who was followed for eight hours, then ate ad lib. for four hours, again fasted overnight, and a second fasting specimen was drawn.
Preparation of samples. Each blood specimen was drawn into a syringe the dead space of which contained liquid heparin sodium, was centrifuged immediately, and the plasma removed. Ten or 20 ml. was promptly deproteinized with picric acid, and an aliquot was frozen for later a-amino nitrogen analysis. The protein-free plasma was prepared on the same day for column chromatography as described by Stein and Moore (12) .
Column chromatography. The method of Moore and Stein (13) was followed. The same lot of resin (Dowex 50-X 5) was used repeatedly throughout the study. Two ml. effluent fractions were collected and analyzed photometrically by the method of Moore and Stein (14 (15) . All effluent curves showed two small peaks or a double peak at the position of the methionine sulfoxides and a peak giving a red color with ninhydrin between taurine and urea, the latter representing carbohydrate decomposition products (16) . Of the unidentified peaks, the one between urea and aspartic acid was present in smaller amounts than in the unhydrolyzed specimen; the postleucine peak was not seen; and the one between cystine and methionine was present in about the same amount as before hydrolysis.
Hydrolysis of eggnog. To 1 or 2 ml. aliquots of each of the six lots of eggnog, containing about 100 mg. of protein per ml., were added 200 volumes of 6 N HCl, and the mixture was refluxed for 24 hours. The hydrolysate was filtered through sintered glass and the filtrate freed from HC1 as described above. A dark precipitate which formed when the pH was brought to about 2.5 was removed by centrifugation. The supernate was stored in the frozen state until chromatographed. The effluent curves showed no cysteic acid and only traces of methionine sulfoxides. In common with the protein-free plasma (18) . Duplicate 3 ml. aliquots of each lot were analyzed. Total nitrogen was multipled by 6.25 to obtain the protein value. Amide nitrogen was determined by the method of Rees (19) , with an hydrolysis period of nine days in concentrated HCl at 370 C., and urea-nitrogen by Nesslerization of the protein-free filtrate after incubation with urease. Glucose was determined by the method of Somogyi (20) , using the color-developing reagent of Nelson (21) . A micro hematocrit method was used (22) .
Recovery of a-amino nitrogen from column. The a-amino nitrogen recovered from each column was calculated and compared with the manometrically-determined a-amino nitrogen. Quantitative recovery cannot be expected from the column because glutamine, which makes up about 25 per cent of the total free plasma a-amino nitrogen, is destroyed on the column to a variable but large extent; and little, if any, is recovered as glutamic acid. Tryptophan was not found in any of the column eluates. Recovery from the columns varied from 75 to 80 per cent. In Subjects 1 and 2 where aliquots of the deproteinized samples were hydrolyzed, the glutamic acid and aspartic acid levels were used to estimate the glutamine and asparagine of the unhydrolyzed samples. The recovery of a-amino nitrogen from the column now rose to 90 to 95 per cent. The calculated recoveries would be further increased if a figure for tryptophan were included and if corrections were made for the color yields of all of the amino acids instead of for only proline and cystine. RESULTS 
A. Protein intake
The amounts of protein ingested by Subjects 1 to 6 were 60, 55, 56, 56, 51 and 55 Gm., respectively. The percentage amino acid compositions of the six lots of eggnog were in close agreement. Table I illustrates the results; the figures agree reasonably well with those given by Block and Weiss (23) for whole egg. One lot of eggnog was analyzed when fresh for free a-amino nitrogen. The result showed that 0.7 per cent of the total nitrogen was present as free a-amino nitrogen. In the estimation of protein, the total nitrogen was not corrected for this amount. From the results of the determination of amide nitrogen in one lot of eggnog, 74 per cent of the aspartic acid plus glutamic acid was estimated to be present as amide.
B. Total a-amino nitrogen in plasma
The results are shown in Table II . Subjects 1 and 2 were followed for only three hours, at which time the highest observed values were found. Subject 3 was followed for five hours, and showed a peak value at four hours. Subject 4 had a peak level at five hours, although the final value at six hours was still well above the fasting level. Blood samples were drawn from Subjects 5 and 6 at two, four, five, six, seven and eight hours after the meal. Subject 5 had the highest fasting value of any of the subjects and showed the smallest increase after the meal, with a peak at four hours and a return to the fasting level at seven and eight hours. The protein intake of this subject was somewhat less than that of the others. The highest value in Subject 6 was at four hours, but at eight hours the level was still higher than when fasting. In comparing the specimens drawn eight hours after the high-protein meal with the fasting specimens, it should be mentioned that the latter were drawn about 12 hours after meals containing considerably less protein than the experimental meal. The plasma a-amino nitrogen of Subject 6 drawn the following morning after a 12 hour fast was 3.6 mg. per 100 ml., not significantly different from the previous fasting value since the triplicate determinations showed an overlap in results.
C. Individual free amino acids in plasma
The data for 20 ninhydrin-positive components are shown in Table III . Those for glutamine plus asparagine are not included because of the low recovery of glutamine from the column. Subjects 1 and 2 were not followed sufficiently long to observe the more interesting results seen in the other subjects. No age or sex differences were noted. (24) . Since glutamine is partially destroyed on the column, the chromatographic results for the glutamine plus asparagine peak are of limited value. If one can assume that a constant proportion is destroyed when all samples are treated alike, as was the case in the present study, tentative conclusions may be drawn. Increases in concentration of 11 to 55 per cent were seen in five of the subjects in two to four hours. Three out of four subjects showed values below the fasting levels at five to eight hours. In Subjects 1 and 2 where the protein-free filtrates were hydrolyzed and chromatographed, the glutamine and asparagine were estimated, assuming that the additional glutamic and aspartic acids in the hydrolysate were derived only from their amides. In Subject 1 the estimated glutamine levels at fasting, two and three hours were 7.3, 8.7 and 8.0 mg. per 100 ml.; and asparagine, 0.8, 1.2 and 1.2 mg. per 100 ml. In Subject 2, glutamine concentrations at fasting, one, two and three hours were 10.2, 10.1, 9.8 and 10.6 mg. per 100 ml., and the corresponding values for asparagine were 1.6, 1.3, 1.4 and 1.5 mg. per 100 ml. Although direct evidence is not available, the indications are that the plasma levels of glutamine and asparagine increased only slightly after protein ingestion, and may have decreased below the fasting values at the later time intervals.
The failure of total a-amino nitrogen to give an adequate picture of the effect of protein feeding on plasma amino acid concentration is illustrated in 
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v -_ Table I . Figure 2 . Here, the individual amino acids in the fasting and seven hour specimens of Subject 5, both of which had 4.6 mg. per 100 ml. of a-amino nitrogen, are expressed as per cent of the total amino acids. The numerical values are not accurate because only approximate data for glutamine and asparagine were available, and tryptophan was not included. It is clear, however, that the relative distribution of the different amino acids is quite dissimilar in the two samples in spite of identical total a-amino nitrogen concentrations. 12 for histidine. At four hours two of the four subjects show a negative value for alanine, with the other two subjects having index values of 4 and 13. At four hours three of four subjects have a negative index for glycine (uncorrected for citrulline), while the fourth subject has an index of 3. The negative values are shared at later time intervals in one or more subjects by arginine, cystine, histidine, lysine and proline.
ALA MGR CYS GLU GLY HIS ILEU LEU LYS MET PHE PRO SER THR-TYR VAL FIG. 2. RELATIVE CONCENTRATIONS OF THE INDIVIDUAL FREE PLASMA AMINO ACIDS IN THE FASTING STATE AND SEVEN HOURS AFTER A HIGH-PROTEIN MEAL The abbreviations represent the first three letters of the amino acids listed in
If the index is expressed as per cent, rather than absolute, increase over the fasting levels, the order of indices becomes quite different, with methionine assuming the highest index, and the others in the following order of decreasing value: isoleucine, tyrosine, valine, leucine, threonine, cystine, arginine, proline, serine, lysine, phenylalanine and histidine.
E. Other analytical data
Glucose. Blood glucose levels were determined only in Subject 3. The fasting value was 92 mg. per 100 ml., and at succeeding hourly intervals the values were 72, 82, 90, 74 and 80 mg. per 100 ml.
Urea-nitrogen. Blood urea-nitrogen was determined on each sample from Subjects 4 and 6. The levels rose progressively throughout the experimental period, from fasting values of 9 and 11 mg. per 100 ml. to 16 and 19 mg. per 100 ml.
Hematocrit. A 35 to 40 ml. sample of blood was drawn from each subject at each time interval. Since this meant a total removal of about 280 ml. of blood from Subjects 5 and 6, with less from the other subjects, it seemed possible that the decrease in concentration of some of the amino-acids with time might be due to blood removal with a consequent dilution of the plasma. The hematocrit values were determined on Subject 6. With a value of 42 in the fasting sample, the level decreased progressively to 39 at seven hours, and rose to 40 at eight hours. A drop in hematocrit from 42 to 39 represents an increase of 5 per cent in plasma volume. Even if this dilution of plasma were brought about by amino acid-free fluid, it could not account for the much greater per cent decreases in concentration seen for a number of the amino acids.
Nonprotein combined amino acids. These were determined only in Subjects 1 and 2. Except for aspartic and glutamic acids, which increased greatly, the changes in concentration of the different amino acids after hydrolysis were small and irregular, and a consistent effect of the protein meal was not found.
Fasting specimen 2, Subject 6. Compared with the fasting specimen of the preceding day, the second one showed slightly lower concentrations of alanine, cystine and arginine, and a higher valine level. The blood urea-nitrogen was 5 mg. per 100 ml. higher than on the preceding day. DISCUSSION The data show that the ingestion of a meal high in protein is followed by changes in the concentration of each of the free circulating amino acids, and that these changes do not parallel the relative amino acid composition of the protein ingested; nor do the relative concentrations of the different amino acids in the plasma remain constant. There are several factors which may contribute to the observed results:
1. The amino acids may be released from the dietary protein in the gastrointestinal tract at different rates and to different extents. Several in vitro studies (25) (26) (27) , where protein was incubated with one or more proteolytic enzymes, indicate that under the conditions used, amino acids are liberated at different rates. It is difficult to apply these observations to in vivo conditions, especially as the in vitro incubation periods extended for 72 hours or longer. However, it is possible that digestion may be a factor in determining the variable changes in plasma levels of the different amino acids.
2. The amino acids may be absorbed from the intestine at different rates and to different extents.
A number of in vitro studies (28) (29) (30) (31) (32) , using mostly the isolated loop of the rat intestine, demonstrate that different amino acids are absorbed at different rates, and that the presence of one amino acid may affect the absorption of another. It may be that in vivo, also, the rate and extent of absorption are not governed entirely by the concentration in the intestine.
Dietary ingredients other than protein may
influence the plasma amino acid levels. Munro and Thomson (33) found that the oral ingestion of 50 Gm. of glucose by normal adults was followed two hours later by a decrease in the concentration of the seven plasma amino acids measured. Fridhandler and Quastel (31) observed that a high concentration of glucose inhibited the absorption of alanine in the perfused guinea pig intestine. In the present study, the total carbohydrate of the ingested meal was only about 12 Gm., and in the one subject where blood sugar concentrations were measured the changes were minimal. Munro and Thomson (33) did not observe a significant effect on the plasma amino acids after the ingestion of 30 Gm. of butter. It seems unlikely that either the fat (approximately 50 Gm.) or carbohydrate ingredients of the meal in the present study influenced the effects of the protein component.
Information on points 1, 2 and 3 should be gained by observing the effect on the plasma amino acid levels of the ingestion of purified amino acids, one at a time or together, in amounts equal to those present in the protein. Such studies have already been done by Steele and Le Bovit (34) on humans for two amino acids, using microbiological asay. After the ingestion of 5 Gm. of leucine or 1.5 Gm. of histidine (amounts comparable to those in the ingested protein of the present study), the plasma concentrations of the administered amino acid reached much higher levels than those seen in the present work, with peaks at 30 minutes, which is considerably earlier than seen in our study. The results suggest that the effect on the plasma level of the ingestion of an amino acid may be quite different depending on whether the amino acid is given alone in the free form or fed as part of a protein molecule. On the other hand, Gupta, Dakroury and Harper (35) found that total nitrogen disappeared from the gastrointestinal tract of rats at nearly the same rate whether the diet contained casein, beef or a mixture of amino acids. 4 . Some of the amino acids may be excreted into the urine. Urinary amino acids were not studied in the present work, but the investigations of others indicate that although small amounts of the ingested amino acids are excreted, the loss by this route is not large on a percentage basis. By continuous intravenous infusion into humans of a mixture of 18 amino acids, Doolan, Harper, Hutchin and Shreeve (36) raised the plasma levels to values at least equal to, and in many instances far exceeding, those reached in the present study and found very slight increases in urinary amino acid excretion. The overall loss was less than 4 per cent of the administered amino acids.
5. The amino acids may be removed by the tissues at different rates and to different extents. That intravenously administered amino acids are rapidly removed by the tissues from the blood stream of the dog was shown many years ago by Van Slyke and Meyer (1, 37) . In man, also, intravenously administered glycine, methionine and lysine have been found to disappear rapidly (38) (39) (40) . When the diet is the source of the additional amino acids, the liver assumes particular importance in their disposal. Several investigators (2, 6, 7) whose work was discussed above found higher levels of amino acids in the plasma of the portal vein than in the systemic circulation of dogs after a protein meal. The differences between portal and systemic blood found by Denton and Elvehjem (7) after casein feeding are much greater than those seen by Dent and Schilling (6) and Christensen (2) , although the latter gave larger amounts of casein. Differences in methodology may account for the discrepancy. The results of Onen, Wade and Blainey (41) indicate that free amino acids are removed from the plasma by the liver of humans even in the fasting state. Using a semi-quantitative paper chromatographic technique in fasting subjects undergoing heart catheterization, these workers found that the plasma concentrations of the leucines, valine, alanine, cysteic acid, methionine, glycine and glutamine were lower in the hepatic vein than in the radial artery. Glutamic acid, the only other amino acid measured, varied from one subject to another in its relative concentrations in hepatic vein and radial artery. Since the concentration of free plasma amino acids is maintained at a fairly constant level except after a high-protein meal, there must be a net contribution of amino acids to the plasma from tissues other than the liver. A discussion of the mechanisms which may control the levels of the free circulating plasma amino acids during fasting or after feeding is beyond the scope of this paper. In the present study, the influx of amino acids from the intestine had passed through the liver and into the systemic circulation before analysis; and the observed levels represent the pattern of plasma amino acids presented to tissues other than the liver.
Nasset, Schwartz and Weiss (42) have concluded from their studies on dogs that considerable amounts of endogenous protein are returned to the lumen of the digestive tract during digestion as enzyme protein and mucosal cells. It is not possible to estimate the extent to which this occurs in the present study. It is likely, however, that the intestinal mucosa is one of the tissues removing amino acids from the systemic circulation. The studies of Borsook and his collaborators (43) , showing the very rapid disappearance of C14_ labeled glycine, histidine, leucine and lysine from the blood of mice and their prompt appearance in the tissue proteins, cannot be correlated with the present type of study where only net changes in concentration are measured with no information on exchange.
Of the total amino acids contained in the ingested protein, only a small proportion appears as increases in the plasma and extracellular fluid. The observation that the blood urea-nitrogen concentrations increased significantly and continued to increase after the amino acid level had reached a peak is evidence that the amino acids are continuing to be deaminated. It is of interest that, although ornithine was not found in the acid hydrolysates of the ingested protein, the plasma ornithine concentrations rose after a protein meal up to twice the fasting levels, an observation made previously by Stein, Bearn and Moore (11) . The effect of a protein meal on plasma citrulline levels was not measured in the present work since glycine and citrulline were not separated from each other; nor has the literature been found to contain information on this point. Glycine and alanine are known to be among the most metabolically active of the amino acids and to have functions other than as protein components. One can speculate that in the handling by the tissues of the influx of amino acids after a protein meal these two amino acids are rapidly utilized. A practical inference from the present study is that glycine and alanine may be less sensitive than other amino acids as test substances in the study of intestinal absorption in man. Glycine has frequently been used for this purpose, most recently by Butterworth, Santini and PerezSantiago (44) . The nutritional implications of the results presented in this paper are of interest. It is frequently quoted in the literature that all the essential amino acids must be presented to the tissues almost simultaneously for their utilization to occur. The specific data on which such a general statement is based are as follows: Cannon and co-workers (45) fed to protein-depleted rats alternately, at hourly intervals, with a one hour fasting period between, two groups of amino acids, one containing arginine, histidine, leucine, lysine and threonine, the other isoleucine, methionine, phenylalanine, tryptophan and valine. The rats failed to grow, indicating that all five amino acids of either group are not available for tissue protein synthesis one to two hours after ingestion. Working also with rats, Geiger (46) found that if diets deficient in tryptophan, methionine or lysine were supplemented with the missing amino acid 12 hours later effective growth did not occur. Geiger (47) observed also that when two kinds of protein, each of low biological value, were fed together to rats, growth occured; but if the two proteins were offered alternately, each for 10 hours, with a twohour fasting period between, growth did not take place. Henderson and Harris (48) observed that a delay of three hours in the feeding of lysine as a supplement to a lysine-low diet interfered with nitrogen retention and gain of body weight in rats. In dogs, Elman (49) found that when the intravenous injection of an amino acid solution deficient in tryptophan was followed after six hours by the intravenous injection of tryptophan, positive nitrogen balance was not achieved. The only comparable study in humans appears to be that of Leverton and Gram (50) who showed that a positive nitrogen balance was increased if the dietary animal protein was distributed among the three meals a day rather than being consumed only at lunch and dinner. In none of the species studied has there been a clear definition of the maximum time interval at which a missing amino acid may still be effectively supplied. In the two subjects in the present study who were followed for as long as eight hours after the protein meal, the plasma levels of all the essential amino acids except lysine (tryptophan was not measured) were at that time at least equal to, and for several amino acids markedly above, the fasting values. If prolonged plasma elevation means intracellular saturation, one might anticipate that leucine, isoleucine and valine, particularly, would be available for utilization by the human several hours after their ingestion.
In the nutritive evaluation of proteins, emphasis has been focussed largely on their essential amino acid content. However, Geiger (51) and Leverton (52) , among others, have raised the question whether the dispensable amino acids may not at times become limiting. The present study supports such a possibility. Of the amino acids whose concentration at some time falls below the fasting levels, notably alanine and glycine, but also proline, cystine, lysine, histidine and arginine, only lysine is considered indispensable for the adult human. Whether the already high nutritive value of whole egg could be increased by the addition of glycine or alanine is not known. The irnportance in nutrition of amino acid balance is now being recognized (53, 54) and the present type of study may be helpful in understanding the mechanisms involved.
The experimental data of the present work do not support the suggestion of Fisher (55) that the products of protein digestion may be absorbed as peptides rather than as free amino acids. Nonprotein combined amino acids were followed in only two subjects, but there was no evidence that they increased in concentration after the protein meal at a time when the free amino acids were rising significantly. Similar observations have been made by Christensen (2) and Dent and Schilling (6), who followed both portal and systemic venous blood, and by Stein and Moore (12) . SUMMARY 1. Free amino acids in the plasma from systemic blood have been determined by chromatography on columns of ion exchange resin in six normal subjects before, and at intervals up to eight hours after, a high-protein meal.
2. Most of the amino acids increased in concentration after the meal, but the rises did not parallel the relative amino acid composition of the food. Also, the relative distribution of the different amino acids in the plasma after the meal differed from that in the fasting state.
3. The concentrations of some of the amino acids, notably valine, leucine and isoleucine, rose markedly after the meal, and even after eight hours were higher than the fasting values.
4. Some of the amino acids, notably alanine and probably glycine, fell to levels as low as 66 per cent of the fasting values in six to eight hours. Other amino acids which decreased after six to eight hours to values significantly below fasting were arginine, cystine, histidine, lysine and proline.
5. Lysine, and to a lesser extent arginine, were characterized by a marked early rise in concentration followed by a leveling off or a decrease in the levels. 6 . The amino acids which increased moderately in concentration and which did not at any time fall below the fasting levels include glutamic acid, methionine, phenylalanine, serine, threonine and tyrosine.
7. The factors which determine the effect of a protein meal on the levels of the plasma amino acids were discussed, as was also the application of the results to the study of protein nutrition.
